The essential oils (EOs) from aerial parts of Piper aduncum, P. callosum and P. marginatum, collected from the Amazon region of Brazil, were analyzed by GC-MS and then evaluated for their antifungal and anticholinesterase activities. The essential oils were dominated by phenylpropanoids, such as dillapiole (73.0%) in P. aduncum, safrole (66.0%) in P. callosum and 3,4-methylenedioxypropiophenone (21.8%) in P. marginatum. The analyzed oils showed low to moderate antifungal activity, with detection limits (DL) from 10 to 100 µg against Cladosporium cladosporioides and C. sphareospermum. In the anticholinesterase (AChE) evaluation, the oils of P. callosum (DL = 0.01 ng) and P. marginatum (DL = 0.01 ng) were one hundred times more potent than the standard physostigmine (DL = 1.0 ng). Molecular docking analysis showed that phenylpropanoids docked reasonably well with acetylcholinesterase and may be responsible for the anti-AChE activities of the Piper EOs. This is the first presentation about acetylcholinesterase inhibition by methylenedioxyphenylpropanoids.
The essential oils of P. aduncum (Adu), P. callossum (Cal) and P. marginatum (Mar) were obtained in yields of 3.0%, 2.3%, and 0.7%, respectively. Individual components were analyzed by comparison of both mass spectrum and GC retention data with authentic compounds, which were previously analyzed and stored in the data system [14, 15] . In total, 91 volatile components were identified, comprising approximately 90% of the total composition of the oils ( Table 1 ). The EO of P. aduncum was dominated by dillapiole (73.0%) followed by other minor compounds including germacrene D (2.7%), β-caryophyllene (2.7%) and myristicin (2.4%). In the Amazon region, the EO of P. aduncum has also shown chemotypes rich in asaricin and safrole [3c] . However, the dillapiole chemotype is the most common with concentrations in the range of 35-90% [16, 17, 18] . In contrast, the EO of specimens collected in Brazilian Cerrado and Mata Atlantic showed oxygenated terpenoids such as 1,8-cineole (53.9%), (E)-nerolidol (80.0%) and linalool (31.7%) as the major compounds [19, 20, 21] .
The principal compounds of P. callosum essential oil were safrole (66.0%), methyleugenol (10.2%) and elemicin (3.7%). The safrole content in the EO of P. callosum shows variation of 44.7-64.0% in specimens collected from Brazilian Amazon [17, 22] . On the other hand, in the Peruvian Amazon the major constituents were asaricin (35.9%), safrole (20.2%), methyleugenol (9.7%) and (E)-asarone (7.8%) [23] .
The principal constituents of the EO of P. marginatum were 3,4-methylenedioxypropiophenone (21.8%), elemol (5.9%), RI Calc. = based on DB-5ms capillary column and alkane standards (C8-C32). RI Lit. = based on Adams [15] .
β-caryophyllene (5.0%) and 2-methoxy-4,5-methylenedioxypropiophenone (4.8%), myristicin (4.5%), safrole (4.0%), and asaricin (4.0%) in minor proportions. Several studies have reported the occurrence of phenylpropanoids in EOs of P. marginatum such as (E,Z)-anethole, p-anisaldehyde, anisylketone, (E,Z)-isoosmorhizole and (E,Z)-asarone [17, 24, 25] . The chemotype most frequently encountered in the Amazon region is characterized by 4,5methylenedioxypropiophenone (14.5-40.7%) followed by pmentha-1 (7),8-diene, myristicin, (E)-β-ocimene and -terpinene
In the antifungal assay, after the incubation period, the plates were analyzed for the presence of inhibition zones of spore growth and the detection limit (DL) ranged from 10 to 100 μg against C. cladosporioides and from 25 to 100 against C. sphareospermum ( Table 2 ). The oil of P. marginatum exhibited moderate activity against both C. cladosporioides and C. sphaerospermum compared with the standard miconazole. The P. aduncum oil showed lower activity, being about one hundred times less active than miconazole, and P. callosum oil was inactive against both fungi. Previously, other Piper oils rich in phenylpropanoids such as methyleugenol, eugenol, myristicin, and apiol, showed antifungal activities with detection limits between 0.1 and 5.0 µg [8c, 26].
In the anti-cholinesterase assay, the most active essential oils were those of P. callosum and P. marginatum. Both showed a detection limit (DL) equal to 0.01 ng, about one hundred times more active than physostigmine (DL = 1.0 ng) as anticholinesterase inhibitors. A lower effect was observed for the oil of P. aduncum (DL = 10.0 ng), with a detection limit ten times lower than physostigmine (Table 2 ). In the literature, several phenylpropanoids (e.g., eugenol, chavibetol, 2-allyl-5-methoxyphenol, hydrocinnamyl alcohol and (E)-cinnamyl alcohol were reported to have no acetylcholinesterase inhibitory activity [27, 28] . However, these previous studies did not include phenylpropanoids having the methylenedioxy ring in the structure, such as dillapiole, safrole, and 3,4-methylenedioxypropiophenone. In order to assess the potential of Piper phenylpropanoids to inhibit acetylcholinesterase, a total of 10 phenylpropanoid Piper EO components, as well as β-caryophyllene, were used as ligands in the molecular docking study with human (HsAChE) and torpedo (TcAChE) acetylcholinesterase (Table 3) . As a test for docking accuracy, the co-crystallized ligands from each protein structure were re-docked into the proteins. The docking energies and rootmean squared deviations (RMSD) are summarized in Table 4 . In analyzing the docking scores, we have attempted to account for the recognized bias toward higher molecular weight compounds [29] using the equation DS norm = 5.9  E dock / NH ⅔ , which reduces the bias by dividing the Molegro rerank docking energies (E dock ) by a power of the number of non-hydrogen atoms (NH) to give a normalized docking score (DS norm ).
The Piper phenylpropanoid with the most exothermic docking energy was dillapiole with HsAChE (-91.6 kJ/mol) and 2-methoxy-4,5-methylenedioxypropiophenone with TcAChE (-99.6 kJ/mol. After normalization, the lowest-energy docked ligand with HsAChE was myristin (-87.1 kJ/mol), but 2-methoxy-4,5-methylenedioxypropiophenone remained the lowest-energy ligand with TcAChE (-96.6 kJ/mol). Myristicin was also a strongly docking ligand with TcAChE (DS norm = 96.4 kJ/mol). Important protein-ligand interactions between the lowest-energy docked pose of dillapiole and HsAChE were Tyr341 and Trp286 which formed a -sandwich with the aromatic moiety of the ligand (Fig. 1 ). Hydrogen-bonding was observed between the phenolic -OH group of Tyr124 and the methylenedioxy group of the ligand, and between the Val294-Phe295 peptide -NH and the 2-methoxy group of the ligand.
The lowest-energy docked pose of 2-methoxy-4,5-methylenedioxypropiophenone with TcAChE placed the ligand in a binding site surrounded by Trp84, Phe330, Trp432, Tyr442, His440, and Tyr334 (Fig. 2) . Trp84 and Trp432 both showed hydrogen-bonding interactions between the indole -NH groups and the ligand ketone. Tyr442 had hydrogen bonding between the phenolic -OH group and the ketone of the ligand, while Tyr334 had hydrogen bonding between the phenolic -OH group and the 2-methoxy group of the ligand. Phe330 and Trp84 formed a face-to-face-to-face sandwich interaction with the aromatic ring of the ligand.
In summary, the essential oils of three Piper species from the Amazon were found to be rich in phenylpropanoids. P. marginatum showed remarkable antifungal activity against Cladosporium spp., while P. callosum and P. marginatum both exhibited anticholinesterase activity. Molecular docking has revealed that phenylpropanoids, in particular dillapiole, myristicin, and 2methoxy-4,5-methylenedioxypropiophenone, docked reasonably well with acetylcholinesterase. Aerial parts (leaves and thin stems) were air-dried (48 h), pulverized and submitted to hydrodistillation using a Clevengertype apparatus (50 g, 3 h) and dried over anhydrous sodium sulfate. The moisture present in the botanical material was determined by an infrared moisture meter (GEHAKA, model IV 2500) and the percentage contents were calculated based on the dry weight of the plants. helium, adjusted to a linear velocity of 32 cm/s (measured at 100°C); injection type, split (1 μL), from 1:1000 n-hexane solution; split flow was adjusted to yield a 20:1 ratio; septum sweep was a constant 10 mL/min; EIMS, electron energy, 70 eV; temperature of the ion source and connection parts, 200°C. The quantitative data regarding the volatile constituents were obtained by peak area normalization using a FOCUS GC/FID operated under similar conditions for the GC-MS, except the carrier gas, which was nitrogen. The retention indices were calculated for all the volatile constituents using a homologous series of n-alkanes (C8-C32, Sigma-Aldrich), according Van den Dool and Kratz [30] .
Gas chromatographic -mass spectral analysis:
Antifungal assay: The bioautographic method was applied to the microorganisms that were grown directly on TLC plates [31] . Oil solutions were prepared corresponding to 1, 2.5, 5, 10.0, 25.0, 50.0, 100.0 and 200.0 µg, starting from a solution of 40 mg.mL -1 . After this step, 5 µL of each oil solution was applied to TLC plates previously sprayed with a spore suspension of Cladosporium cladosporioides (Fresen) de Vries (CCIBT 140) and C. sphaerospermum Penzig (CCIBT 491) in salt solution and glucose (30%) (6:1). The plates were incubated for 48 h in a dark and moistened chamber, at 25ºC. As a result, a clear inhibition zone would appear against a dark background indicating the minimal amount of the used oil. Miconazole was used as a positive control [32] . [36] with a sphere (15 Å radius) large enough to accommodate the cavity centered on the binding sites of each protein structure in order to allow each ligand to search. The site of the co-crystallized inhibitor or substrate was chosen as the binding site. Standard protonation states of the proteins based on neutral pH were used in the docking studies. Each protein was used as a rigid model structure; no relaxation of the protein was performed. Assignments of charges on each protein were based on standard templates as part of the Molegro Virtual Docker program; no other charges were necessary to be set. Overall, 11 Piper essential oil components have been docked. Each ligand structure was built using Spartan '14 for Windows (version 1.1.0, Wavefunction Inc., Irvine, California). For each ligand, a conformational search and geometry optimization was carried out using the MMFF force field [37] . Flexible ligand models were used in the docking and subsequent optimization scheme. Variable orientations of each of the ligands were searched and ranked based on their re-rank score. For each docking simulation the maximum number of iterations for the docking algorithm was set to 1500, with a maximum population size of 50, and 30 runs per ligand. The RMSD threshold for multiple poses was set to 1.00 Å. The generated poses from each ligand were sorted by the calculated rerank score.
